Over 250 rotational transitions of the internal rotor methyl formate (HCOOCH 3 ) in its ground ( V 1 = 0) degenerate (E) torsional substate have been measured in the millimeter-wave spectral region. These data and a number of E-state lines identified by several other workers have been analyzed using an extension of the classical principal-axis method in the high barrier limit. The resulting rotational constants allow accurate prediction of the v 1 = 0 E substate methyl formate spectrum below 300 GHz between states with angular momentum J.:::; 30 and rotational energy Erot .:::; 350 em -1 . The calculated transition frequencies for the E state, when combined with the results of our previous analysis of the ground symmetric, nondegenerate (A) state, account for over 200 of the emission lines observed toward Orion in a recent survey of the 215-265 GHz band.
I. INTRODUCTION
Identification of the molecular species responsible for the growing number of millimeter and submillimeter emission lines observed toward astronomical sources is crucial to our understanding of the interstellar medium. Many of the observed features have been assigned to a relatively small number of molecular species; in recent millimeter-wave studies of Orion performed by Johansson et al. (1984) , Sutton et al. (1985) , and Blake et al. (1986) , a substantial fraction of such features was found to be due to three molecules: methyl formate, dimethyl ether, and methanol In part, the prevalence of these species in the Orion spectrum is due to their common feature of internal rotation, which results in a large number of observable rotational transitions for each, especially if the source is a warm one.
Since the identification of less prevalent species via their often sparse rotational spectra is of vital interest, complete descriptions of the rather complicated spectra of these known constituents of the intersteller medium must be made. Some progress in measuring and understanding the spectra of interstellar internal rotors has been made (Lovas, Lutz, and Dreizler 1979; Bauder 1979; Herbst et al. 1984) . However, internal rotation greatly increases the difficulty of accurately calculating the transition frequencies of molecules. Many observable transitions involve levels which are strongly affected by the rigid-body rotation-internal rotation interactions, and whose energies are difficult to determine to within the frequency resolution of current astronomical receivers. As the sensitivity of these receivers increases, large numbers of such transitions will have to be observed in the laboratory or reliably predicted 949 if the identification of the less abundant species is to be accomplished.
We have previously provided an accurate list of the 2700 strongest transitions below 500 GHz of methyl formate in its ground torsional A (symmetric) state involving rotational states with angular momentum up to J = 50 and rotational energy below 350 cm-1 (Plummer et al. 1984) . In this paper we present the laboratory millimeter-wave spectrum (up to 300 GHz) of methyl formate in its ground torsional E (degenerate) state, including those states with angular momentum J .:::; 30 and Erot .:::; 350 em -1 . Other measurements of the methyl formate rotational spectrum have been made by Curl (1959) in the 8-30 GHz band, by Bauder (1979) in the range up to 58 GHz, and by DeMaison et al. (1984) in the 220-240 GHz band; we have made extensive use of these authors' observations and assignments. Over 250 new E-state transitions have been measured in our laboratory, and an analysis of a combined data set of 364 E-state lines has been carried out. Table 1 lists the observed transitions, the calculated perturbations (P) due to the rotational-internal rotation interaction (see below), and the residuals (R) obtained in the fit. Our analyses differ from those of previous workers in that we handle the A and E states separately (rather than carrying out a global fit to the entire spectrum), and place emphasis on the accurate prediction of the ground-state rotational spectrum (rather than on the determination of molecular structural parameters). This approach has allowed greatly increased accuracy in fitting and in predicting the spectra, and is attractive also because most of the calculations required in the case of methyl formate can be carried out with existing principal-axis NoTE.-Transition frequencies and residuals ( R, observed minus calculated) in MHz. Calculated perturbation of the pseudorigid rotor frequencies due to internal rotation (P) in MHz.
system asymmetric rotor fitting routines. Diagonalization of extended rotational Hamiltonian matrices, as undertaken by Herbst eta/. (1984) , is not required.
II. EXPERIMENT AND THEORY
Measurements of the methyl formate spectrum have been carried out with our standard millimeterjsubmillimeter wave spectrometer. Briefly, a 40-60 GHz klystron is used to drive a waveguide-mounted silicon point-contact diode harmonic generator, which produces usable intensities of microwave power at multiples of the source frequency up to about 1 THz. After passing through a 2 m absorption cell containing -10 mTorr of the sample, the microwave radiation is detected by a 1.4 K InSb chip. As the source frequency is swept, the response of the chip is monitored, stored in a digital averager, and transferred to a computer for measurement and analysis. Details of our experimental techniques can be found in the literature (De Lucia 1976; Helminger, Messer, and De Lucia 1983) .
The effective Hamiltonian used in our analysis of the acquired data has been discussed fully by Herschbach (1957 Herschbach ( , 1959 . The standard principal-axis method (PAM) Hamiltonian for internal rotors was subjected to a Van Vleck transformation through ninth order using modem computational techniques. In the limit of a high potential barrier to the torsional motion of the methyl group, this transformation allows the approximate separation of the E and A problems. For a given torsional state v and symmetry a (a = 0 for the A state and a= 1, -1 for the Estates), the resulting effective Hamiltonian through ninth order is (Herschbach 1957 (Herschbach , 1959 (1) •Nuniber of significant digits needed to reproduce spectrum. Rotational constants and centrifugal distortion constants from A through F and 8F are in MHz. All other parameters (s, Pa, 8P,  2,14)-15( 3,13) 183913.15 (0,04) 7.3 59 15( 3,12)-14( 3,11) 194377.23 (0.03) The first two terms of equation (1) are the standard rotationcentrifugal distortion A -reduced Hamiltonian of Watson (1968) , plus a term in P 2 (Gordy and Cook 1984) . The remaining term is written in terms of the angular-momentum operator P and the vector p, the components of which are given by
Here the A. g are the direction cosines of the methyl group symmetry axis in the body-fixed principal-axis system, Ia is the methyl group moment of inertia about its symmetry axis, the Ig are the principal moments of inertia of the entire molecule, and F is the reduced rotational constant for the methyl group (Gordy and Cook 1984) . In a prolate planar case such as methyl formate, A.c vanishes.
The advantage of expressing the torsion-rotation interaction as in equation (2) is as follows: H 1 r contains information about the asymmetry of the molecule only in the matrix elements of p • P, whereas the dimensionless coefficients w,<;> depend only on the reduced barrier height s (Gordy and Cook 1984). The parameter s is defined for a threefold torsional barrier in terms of F and the barrier height Ji3 as s= (4/9){Ji3/F).
( 4)
As realized by Herschbach (1959) , this allows evaluation of the w,<;> in the symmetric top limit, a fact which greatly simplifies the calculation. We have determined the w.,<;> using the internal axis method (lAM) program of Herbst . The relation between the PAM coefficients and the lAM torsional eigenvalues in the. symmetric top limit is given by Herschbach (1959) .
Consideration of the torsional wave function symmetry leads to the fact that the w.,<;> vanish for odd-order k in the A state, and are of opposite sign for the two E states (Herschbach 1959) . Because of the selection rule ~o = 0, and since the even k terms in H 1 r exhibit the same dependence on the Pg as the terms in Hdist, analysis of the A state can be carried out without explicit mention of Htr· The "centrifugal distortion" constants obtained in the fit are, of course, actually linear combinations of the real distortion constants and the even-order H 1 r constants. The favorable results of our analysis of the A state according to this approach have shown that the Van Vleck transformation method is reasonable in the case of methyl formate. However, our determination of the rotational energies for However, our determination of the rotational energies for the E states, in which the odd-order k terms of H 1 r are present, employs further approximations. We have chosen to treat this term by retaining only those matrix elements of H 1 r which connect K-doublet states (pairs of states corresponding to the same IKI in the prolate limit). After diagonalization of the matrix Hrot + Hdist, these matrix elements are folded onto the diagonal with a series of 2X2 diagonalizations. An additional approximation used in our treatment is that the matrix elements of Htr are evaluated in the symmetric top basis set rather than in the pseudorigid asymmetric rotor basis set. These matrix elements then appear as simple functions of J, K, and the parameters Pg (Herschbach 1959) .
We have found that allowances for centrifugal distortion of the methyl group rotational constant F and the direction cosines A.g enable us to make a more reliable set of frequency predictions; in the fitting routine, the independent parameters F and Pa are replaced by the forms
The rotational constants A, B, and C and 12 centrifugal distortion constants describe the unperturbed pseudorigid rotor energies, and five free parameters (F, s, Pa• 8F, and 8P) determine the shifts in these levels due to internal rotation.
Results of the analysis and the derived rotational parameters are listed in Table 2 .
III. DISCUSSION Table 3 lists the -1300 strongest transitions of methyl formate from 1 to 300 GHz in its ground torsional E substate with J ~ 30 and Erot ~ 350 em -l. The line strengths S were calculated according to the definition of Townes and Schawlow (1955) . To account for strong features due to the coincidence of two or more lines, "blend" strengths were calculated for each line by adding the quantity p, 2 S for lines within 1.5 MHz of one another. Here p, represents the appropriate dipole moment component (Bauder 1979) . A lower limit of 2.0 was placed on the blend strengths; this limit corresponds to lines approximately 3 times weaker than the weakest lines assigned (at E / k -2 Torion) by Sutton et a/. (1985) and Blake et al. (1986) in their Orion line search. The selection criteria match those of our previous listing of the spectrum of the A species.
The table includes the assignments, frequencies, uncertainties in the frequencies (1 o), line strengths S, and excitation energies for the selected transitions. We note that as a result of mixing of the asymmetric top K-doublet wave functions, several unallowed asymmetric rotor transitions appear.
We acknowledge the support of the National Aeronautics and Space Administration via grant NAGW-189.
